HAItOLD P. CURRA.N AND FRED R. EVANS a putrefactive mesophilic anaerobe. Cultures 6, 15u, 4149, and LB were subsequently examined by Doctor Ruth Gordon of the staff of the American Type Culture Collection and provisionally identified as Bacillus subtilis.
Plain nutrient agar slopes (pH 7.0) were used as mediums in the production of the spores unless otherwise stated. The incubation temperature was 37 C, except for 1518 which usually was 55 C. When sporulation was complete (2 to 3 weeks' incubation) the growth was washed into sterile distilled water, filtered through cotton, and centrifuged. The water was decanted and the washing process repeated 3 times. The washed spores were then filtered through the cotton plunger tube as described by Morrison and Rettger (1930) , which effectively removed most of the clumps. The concentrated stock suspensions thus prepared, practically 100 per cent spores (except 1518), were plated to determine purity and count, and were then held at 6 C until used.
The nutrient agar (pH 7.0) used as a plating medium contained, per liter: peptone (Difco) 5 g, beef extract (Difco) 3 g, sodium chloride 5 g, glucose 3 g, and agar 13 g.
The general plan of the experiments was as follows: small aliquot portions of the stock suspensions diluted in distilled water were seeded into 8-ml quantities of the test medium contained in pyrex tubes. After thorough mixing, selected tubes were set aside to serve as controls, and the remainder were heated in a 95 C bath, usually for 10 minutes. The heating was accomplished in a stirred glycerol bath equipped with a thermoregulator which maintained the desired temperature at 4± 0.5 C. The heated and unheated control samples were then plated on glucose agar of the composition noted above. Routinely, plates were counted after 48 hours of incubation, and at regular short intervals counted plates were returned to the incubator and re-examined after 4 additional days of incubation. When low subeultivation temperatures were used, the incubation periods were necessarily exteinded, as indicated in the tables or text.
EXPERIMENTAL
Activation of spores in relation to the anount of heat applied. The proportion of spores that respond to pregermination heating is dependent upon the amount of heat applied. This is revealed in the following experiment in which a suspension of spores was subjected to different periods of heating at constant temperatures. WVhen the spores were uniformly dispersed in sterile skim milk plated both immediately and after varying periods of heating at 95 C, the effect of heating was to increase materially the number of colonies which developed.
The results obtained N-ith 3 members of the spoilage group are shown in figure 1. The incubation temperature of the plates was 37 C. The colony count increased with the time of heating rather rapidly during the first few minutes, then more slowly until a maximum was reached, usually betweeni 15 and 30 minutes; longer heating reduced the number of colonies. It is clear that, under these conditions of production, treatment, and subeultivation, germination of the spores is a function of the amount of heat to which they have been exposed. Without some prelheatiuig only a small proportion of the potentially viable spores were able to germinate; prolonging the incubation time, varying the nutritional character of the plating medium, and other measures, except temperature elevation, had no appreciable influence upon the number of colonies formed. The rising slope of the curve shows that the heat activation threshold differs with the individual spores in a culture.
Activation of spores as influenced by the nature of the heating medium and by the temperature of subcultivation. The germination response following the heating of spores in a 95 C bath for 10 minutes in each of 9 different mediums is shown in if incubation for an additional week at the same temperature resulted in no new colonies. These data reveal the important fact that preheating insures a high percentage of germination at very low temperatures. In the heated samples colonies appeared earlier and developed more rapidly than those from unheated Heating medium, sterile skim milk. 37 C plates counted after 3 and 7 days' incubation. 30 C plates counted after 3 and 7 days' incubation. 25 C plates counted after 2 and 3 weeks' incubation. 20 C plates counted after 3 and 4 weeks' incubation. 14 C plates counted after 4 and 5 weeks' incubation.
samples; this lowering of the temperature of germination for the majority of spores is associated with mild heating involving no measurable lethal action. Of considerable practical significance would be experimental evidence to prove that the relatively few spores which survive drastic heating react similarly to different subcultivation temperatures. This evidence is provided in table 3, which shows that the overwhelming majority of spores which survive severe heating germinate at lower temperatures than do unheated spores. Graphic representation of these data in terms of the percentage of germination emphasizes this fact (figure 2). It should be noted, however, that at the lowest temperature of subcultivation (14 C) none of the spores that survived autoclaving were able to develop whereas a small proportion of the unheated spores could. Although a selective elimination of spores which germinate at the higher temperatures is not excluded, the reaction appears more likely to be a further manifestation of heat activation. A recent paper of Williams and Reed (1942) has a bearing on this subject. These authors recorded greater thermal death times for spores of Clostridium botulinum types A and B and of an unidentified putrefactive anaerobe (3679) when the recovery cultures were incubated at 24 and 27 C than when incubated at 31 or 37 C, although the optimal growth temperature of these organisms is in the 35 to 37 C range. Working with the spores of the same putrefactive anaerobe (3679), we obtained some evidence for heat activation in this species, but the results were deemed inconclusive. (The special Brewer petri Persistence of heat activation. Tests with these cultures have shown that spores activated by heating remain in the activated condition for a period of months. This suggests that the heat-induced change is irreversible, which would distinguish it from a somewhat similar reaction in the ascospores of certain fungi 37 C plates counted after 3 and 7 days' incubation.
20 C plates counted after 1 and 2 weeks' incubation.
14 C plates counted after 3 and 4 weeks' incubation. t Produced at 37 C.
described by Shear and Dodge (1927) and by Goddard (1935) . The latter found that spores became deactivated by conditions which prevented germination, necessitating a second heating, following which they germinated normally.
Sublethal heating was previously shown to accelerate the germination of certain mesophiles (Evans and Curran, 1943) . With one exception, heat activation was not observed. Amonig the organisms studied were 2 strains of B. subtilis, tolerance to heat, the heat response of the spores of these cultures was retested, new crops being employed with subcultivation at 37 C, as formerly, and also at 20 and 14 C. The results are shown in table 7. Pregermination heating of the spores of 6051 had little influence upon the plate count at any of the three temperatures of incubation. Subeultivation at 37 C after preheating had no appreciable influence upon the number of spores of 6634 which germinated, confirming our previous observation. When, however, lower temperatures of subcultivation were used, the activating effect of heating became evident. It is notewvorthy that at 14 C with the benefit of preheating, only 22 per cent of the viable spores were able to germinate; without preheating about 2.2 per cent were able similarly to develop. Thus heat activation may be operative in a culture and yet escape detection if the conditions of subeultivation are not sufficiently wide.
DISCUSSION
That heat activation is a factor contributing to the spoilage of canned foods of certain types can hardly be doubted. Of 12 spore forms recovered from 10 different outbreaks of spoilage in commercially processed evaporated milk, at least 10 were subject to some degree of heat activation. These include B. coagulans and B. calidolactis, well-known milk-spoilage types. With broader conditions of observation, it is not unlikely that all could be shown to respond. Flat sour types (Bacillus stearothermophilis) are heat-activatable.
Heat activation may be regarded as an adaptation by which a spore population is able to attain a high-percentage germination at suboptimal temperaturestemperatures which, in the absence of heating, permit the germination of only a small proportion of the total viable spores; with progressive lowering of the temperature of subcultivation a temperature range is ultimately reached at which germination of part of the heated and no germination of the unheated spores occur. Heat activation seems to be a property primarily of thermotolerant and thermophilic species that possess unusually high thermal resistance; spores of such organisms, because of the heat treatment that they have survived, are preconditioned to development at low temperatures, which greatly increases their spoilage potential. Where thermotolerant species are concerned, heat activation operates to bring the temperature of germination of the majority of the spores within the usual storage and distribution temperature range of canned foods.
Heat activation has a bearing upon certain commercial or laboratory practices, of which two may be mentioned. It is a favored and long-established practice among bacteriologists to apply sublethal heating as a means of eliminating vegetative cells from test spore suspensions prior to their use; the attendant change in the germinative capacity of the spores has not previously been suspected, and, whenever such heating has been employed prior to plating, the operator unwittingly increased the accuracy of the count. In the manufacture of evaporated milk, it is a routine practice to forewarm the raw milk at 95 C for 10 minutes prior to its condensation. This is necessary for the attainment of a satisfactory body in the finished product. As a result of such heating, the majority of the spores of thermotolerant species become heat labile during the short period the milk is undergoing condensation (unpublished observation), and this large proportion, in consequence, is easily killed by the subsequent processing treatment. This provides an example in which an established commercial practice quite fortuitously conduces to a desired result.
Recognition of the phenomenon of heat activation and some understanding of the factors which affect it are of manifest importance to the accurate enumeration of viable sporing thermotolerant or thermophilic aerobes. This may also be true for some anaerobes but our observations on the latter are not sufficient to warrant a definite conclusion.
SUMIMARY
Sublethal heating of the spores of many thermotolerant and thermophilic aerobes has a determining influence upon the number of spores which will germinate subsequently.
A study of 12 thermotolerant cultures isolated from 10 different outbreaks of spoilage in commercially processed evaporated milk revealed that nearly all would respond to pregermination heating. In the absence of such treatment a large proportion of the potentially viable spores did not germinate. Flat sour types (Bacillus stearothermophilus) were found to be heat-activatable.
The proportion of spores wsThich responded to preheating was found to be dependent upon the amount of heat, the composition of the medium in which they were heated, the temperature at which the spores were formed, and the temperature at which they were subcultured.
The heating mediums arranged in the order of their effectiveness upon heat activation were: glucose or lactose (0.5 per cent) > peptone (0.5 per cent) > skim milk > glucose nutrient agar > beef extract (0.3 per cent) > glucose nutrient broth > distilled water > NaCl (0.5 per cent).
The concentration of glucose most favorable to heat activation was approximately 0.1 per cent. NaCl usually depressed heat activation in concentrations of 0.5 per cent and higher.
At 95 C in skim milk the heat-activating process was nearly complete in 10 minutes, entirely so in 30 minutes. Long-hold pasteurization effects material activation of spores. The response to preheating is greater when the temperature of subeultivation is suboptimal than when it is at the relatively high optimal temperatures.
Preheating of heat-activatable spores serves to lower the minimal temperature at which germination can occur; this applies when the heat treatment is mild and nonlethal and also when it is so drastic that relatively few spores survive. The economic implications of this are discussed.
Recognition of the phenomenon of heat activation and some understanding of the factors which affect it are essential to the accurate enumeration of viable, sporing, thermotolerant and thermophilic aerobes. The relationship of heat activation to certain commercial or laboratory practices is indicated.
